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ABSTRACT
Ehrlichia canis is the etiologic agent of “tropical canine pancytopenia”, or canine
ehrlichiosis. The impetus for this research was to overcome the lack of any reliable means of
elucidating the genetic profiles of these illusive and historically difficult to manipulate
organisms. The use of a broad-host range plasmid greatly facilitated the determination of an
electro-transformation protocol.

The transforming plasmid possesses a chloramphenicol

antibiotic resistance gene marker (chloramphenicol acetyltransferase [CAT] gene), and a visual
reporter gene marker, the Green Fluorescent Protein (GFP) gene. With primer sets designed to
specifically amplify these two plasmid encoded gene markers, thus verifying the presence of the
transforming plasmid, and an additional primer set designed to specifically amplify the p28 gene
of E. canis, a multi-copied and species specific genome encoded epitope, PCR verification of
electro-transformed E. canis was made possible. Once this PCR protocol was established and
accompanied by gel electrophoresis and amplification product sequencing, the presence of
electro-transformed E. canis could also be verified by demonstrable antibiotic resistance in tissue
culture, as well as fluorescent, light and transmission electron microscopy.

Western blot was

also performed to verify the expression of GFP in tissue culture by the electro-transformed E.
canis.

v

INTRODUCTION
Ehrlichia canis is the etiologic agent of Tropical Canine Pancytopenia, or simply canine
ehrlichiosis, a disease of dogs that is signified by the marked and sometimes dramatic alteration
of host hematologic parameters, resulting in passing malaise and mild disease, or at its worst,
death. E. canis represents a group of obligate intracellular organisms of the genus Ehrlichia that
have, prior to this research, been deemed refractory to standard molecular biological techniques
used commonly to alter cellular genetic profiles.

To devise a means of consistently and

reproducibly introducing DNA into these bacteria would mean that these agents of emerging
arthropod-borne diseases could be genetically altered.
Purpose: The purpose of this research was to determine the feasibility of genetic alteration of E.
canis through electro-transformation with plasmid DNA and the resultant plasmid-mediated
expression of foreign genes.
Hypothesis: The hypothesis of this dissertation research was that plasmids and conditions could
be identified by which E. canis, and hopefully by virtue of lineage, other obligate intracellular
organisms, could be explored by molecular techniques and technologies.
Research objectives:
• Elucidate the conditions under which E. canis can be stably and reproducibly electrotransformed with autonomously replicating plasmid DNA.
• Determine if E. canis is capable of plasmid-mediated expression of foreign genes.
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REVIEW OF LITERATURE
General Information
Rickettsial organisms are notorious throughout history as comprising the etiologic agents
of many severe and notable diseases of mankind. Rickettsia prowazekii causes epidemic typhus,
and the resultant disease process of Rickettsia rickettsii is Rocky Mountain Spotted fever
(Hackstadt 1996) (La Scola and Raoult 1997). With better disease diagnosis and assessment, and
with an increasing number of the etiologies identified as Rickettsia, this genus is classified as one
of contemporary and reemerging disease significance (Raoult and Roux 1997).
In terms of biology, these organisms are Gram negative organisms. The rickettsiae are
also obligate intracellular bacteria, and occupy the cytoplasm, rather than vacuoles like Coxiella,
Chlamydia and Ehrlichia. (Hackstadt 1996; Moulder 1985; Walker 1988; Weiss 1982 and 1987;
Winkler 1990).

Transmission between their mammalian hosts is facilitated primarily by

biological arthropod vectors. In some instances and with some species, transovarial maintenance
of the bacteria occurs through perpetual generations (Raoult and Roux 1997). Some examples of
common vectors are mites, lice, ticks and fleas (Azad and Beard 1998).
In order for these obligate intracellular organisms to survive, they must invade their host
cell of choice. This uptake process requires mutual participation of the bacterium and its
eukaryotic partner (Walker and Winkler 1978).

The cytoplasmic milieu is the preferred

environment of the rickettsiae, which escape the phagosome quickly. Once free, they take
advantage of the ATP and other energy rich compounds via specific transport systems (Winkler
1976 and Winkler et al. 1999). These bacteria are not totally dependent upon the host cells
energy pathways, however, because their oxidative phosphorylation and tricarboxylic acid cycles
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are still functional (Gouin et al. 1999; Heinzen et al. 1993 and 1999). These organisms spread by
eventual lysis of the host cells that harbor them.
Rickettsia Transformation
Morphologically and genetically, rickettsiae do not appear to possess any novel barriers
that would impede molecular genetic systems development. Viable considerations for genetic
alteration should include transduction, conjugation and even electro-transformation. However,
rickettsial organisms seem to be devoid of identifiable native plasmids or phage. This reality, in
conjunction with the clonal fashion by which the rickettsiae grow within their eukaryotic hosts,
has greatly hampered successful genetic modification of these pathogens (Dunkin 1994).
Two species of the genus Rickettsia have been evaluated recently to determine the
feasibility of successful electro-transformation. Normal, standard Gram negative protocols for
transformation were applied, save higher field strengths (17 to 24 kilovolts/centimeter).
Rickettsiae, purified from their host cells were electroporated in glycerol or sucrose with DNA
present. Upon reinfection of host cells, growth continued under regular monitoring (Rachek et
al. 1998). Rachek et al. observed successful genomic integration via homologous recombination.
In corroboration, Troyer et al., used green fluorescent protein (GFPuv) as a reporter gene to
signal successful transformants of Rickettsia typhi. In this study, the GFPuv gene PCR amplicon
was inserted within the Rickettsia typhi rpoB gene using translational fusion.

A resultant

crossover event facilitated genomic integration, and analysis by flow cytometry verified the
success of the transformation. This accomplishment was certainly of great importance to the
field of rickettsial genetic systems.
demonstrated.

The feasibility of electro-transformation was certainly

There are limitations to this system, however.

Visual detection of the

transformed Rickettsia was difficult, and FACS analysis was necessary to detect the
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fluorescence, which was just above background in most cases. The ability to see the organisms
with standard fluorescent microscopy would be certainly desirable. Also, most of the fusion
proteins were functional, as evidenced by FACS-detected fluorescence, but there existed a
subpopulation of bacteria that seemed to possess nonfunctional fusion proteins (Troyer et al.
1999). These factors would make such things as calculation of transformation and genomic
crossover efficiency difficult to conclude. Without such precise feedback data, which would
validate the magnitude of success and feasibility, the importance of such pioneering efforts has
yet to be fully appreciated. Further publications from this research have not followed in recent
literature.
Another species, Rickettsia prowazekii, was investigated for determination of the
feasibility of genetic transformation.

The gene encoding the recA system that mediates

homologous recombination has been identified in these bacteria (Dunkin et al. 1994).

In

addition, Rickettsia prowazekii is exquisitely rifampin sensitive (Wisseman et al. 1974), and a
resistant mutant of this species has been isolated (Balayeva et al. 1985). Thus, a phenotype was
identified that could be used to examine the transfer of genes. This resistance to rifampin is
encoded by the rpoB gene, the gene mentioned earlier as being used to flank the GFP insert in
Rickettsia typhi.

This situation provided a unique opportunity to study the efficiency of

electroporation by complementation through allelic exchange. The parental strain of Rickettsia
prowazekii, the Madrid E strain, is sensitive to 20 nanograms/ milliliter rifampin. The resistant
mutant that was isolated can grow in rifampin concentrations of 200 nanograms/milliliter. This
was the basis for selection of positive transformants (Wisseman et al. 1974) in this study.
The next logical step in this process was to use a foreign antibiotic selectable marker to
demonstrate the feasibility of electroporation. The genomic code for erythromycin resistance,
4

called ereB in Escherichia coli, was used in this feasibility study. Protein synthesis is inhibited
by the binding of the ribosome of the prokaryotic cell by this macrolide antibiotic (Rolain et al.
1998). This was a landmark demonstration of antibiotic resistance conferred upon Rickettsia
prowazekii by an antibiotic resistance gene of non-rickettsial origin.

The question of the

feasibility of establishing genetic systems for the rickettsiae was again answered in the
affirmative. However, the above limitations still apply in this situation. Again, no other results
of this study have been published in recent literature.
Chlamydia Transformation
There are Chlamydia strains that exist which maintain a 7.5 kilobase cryptic plasmid with
a high rate of conservation (Commanducci et al. 1990). Chlamydia species also possess phage
that have been identified in association with them (Richmond et al. 1982; Hsia et al. 1996). The
production of stable transformants of Chlamydia has resulted in marginal successes, at best (Tam
et al. 1994).
O’Connell et al. sought to achieve successful and stable transformation of Chlamydia by
exploitation of the already present cryptic plasmid which is highly conserved in trachomatus
species. This group wished to create a shuttle plasmid whose architecture mimicked the innate
cryptic plasmid, with modifications that would hopefully not alter the way that the Chlamydia
maintained it, but which would also facilitate its replication in Escherichia coli. Once this shuttle
plasmid pool was constructed, they would be electroporated into Chlamydia psittaci strains
lacking the original cryptic plasmid. This initial study served to identify specific regions in the
endogenous cryptic plasmid necessary for stability and replication in trachomatis species and
also to assess the maintenance stability of shuttle plasmids with antibiotic resistance gene inserts
(chloramphenicol resistance) in the absence of selective pressure (O’Connell et al. 1998).
5

Successful transformation was reported, including plasmid-conferred chloramphenicol resistance
and GFP expressing plaques, however, no further reports have been published to date.
Coxiella burnetii Transformation
C. burnetii is a very unique obligate intracellular organism in that it lives and thrives in
lysosomes (Heinzen et al. 1996), meaning that they are acidophilic bacteria (Burton et al. 1971;
Hackstadt and Williams 1981; Maurin et al. 1992; Akporiaye et al. 1983). Besides the need for
a host cell and its harsh environment, Coxiella species have a propensity towards growing slowly
and establishing persistent infections in host cells, all combined result in difficult circumstances
or manipulation (Thompson and Suhan 1996). Native plasmids have been identification in some
Coxiella strains, designated QpH1 (Savinelli and Mallavia 1990), QpRS, QpDG and QpDV
(Valkova and Kazar 1995), which average 36-55 kilobases in size and may contain up to 2
percent of the genome (Samuel et al 1983; Samuel et al 1985; Mallavia et al 1991; Mallavia
1991).

In Coxiella strains not harboring plasmids, there are similarities between some

chromosomal sequences and some plasmid encoded segments (Savineli and Mallavia 1990).
In an attempt to identify the true origin of replication in C. burnetii, a fragment of DNA
approximately 5.8 kilobases in size was isolated (Suhan et al. 1994). Within this fragment, there
is a minimal sequence of 403 base pairs called an autonomous replication sequence (ars) that can
initiate plasmid replication in E. coli (Chen 1989; Suhan et al 1994). A plasmid identified as p
SKO (+) 1000 was basically a plasmid with portions of the C. burnetii ars sequence flanking a
beta – lactamase (bla) antibiotic selectable marker under the control of an inducible promoter
(Suhan et al 1996). There was integration into the chromosome via a single cross-over event
with the genomic copy of the native ars sequence. There were variable results of plasmid
maintenance as a duplicate ars copy, although the most stable transformants were chromosomal
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integrants, verified by Southern blotting. However, it was determined that the beta lactamase
production was quite low and that, in confounding data, there existed a population of
spontaneous non-transformants that persisted under selection for up to a year (Suhan et al 1996;
Thompson and Suhan 1996).
To help eliminate the doubt and skepticism over the ampicillin selection of C. burnetii
transformants in light of the revelations of spontaneous resistance and low level bla expression,
Lukacova et al. (1999), set out to use a visual reporter gene marker (GFP) as verification of
transformation success. They inserted a GFP gene into the ampicillin resistance and ars vector.
They claim high level GFP expression, being able to visualize C. burnetii within L929 host cells.
The Southern blot data was not shown, and the original publication featured fluorescent
micrographs in black and white (Lukacova et al 1999).

No follow-up literature has been

published since.
Genus Ehrlichia Overview
Within the tribe of bacteria known as the Ehrlichieae, are obligate intracellular organisms
of a parasitic nature. The three genera that comprise this tribe are Cowdria, Neorickettsia and
Ehrlichia. These organisms seem to have leukocyte host cell tropisms. The Ehrlichieae tribe
belongs to the Rickettsiaceae family, which also encompasses the Rickettsieae tribe and the tribe
Wolbachieae (Ristic and Huxsoll 1984). Blood isolation of these organisms is usually without
difficulty since members of tribe Ehrlichieae target either granulocytes, monocytes, lymphocytes
or even platelets in circulation.

During acute infection, the organisms are quite evident,

particularly those infecting platelets and granulocytes.

Ehrlichia species with monocytic

tropisms are more difficult to visualize in the periphery since blood monocyte infection tends to
be lower (Rikihisa et al. 1985). In vitro, for example, Ehrlichia canis has been propagated in
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several tissue culture cell lines such as: canine primary blood monocytes (Nyindo et al. 1971), a
canine macrophage cell line (Dawson et al. 1991), some peritoneal macrophages of canine origin
(Stephenson et al. 1997), a “spontaneously immortalized” peritoneal macrophage (murine origin)
hybridized with canine blood monocytes (termed MDH – SP cells) (Holland and Ristic 1990), a
hybrid cell line (human-dog) (Stephenson and Osterman 1980), and a Dog Bone Marrow Cell
cell line (Corstevet, personal communication).
Bacteria within the Ehrlichieae usually have a round morphology, yet often exist in
varied forms in vitro (Wells and Rikihisa 1988). They exist primarily within the cytoplasmic
milieu of leukocytes, specifically within membrane-bound vacuoles. Due to their presence and
undoubtedly their influence, their phagosomes are diverted away from normal pathways of
lysosomal interception and fusion (Wells and Rikihisa 1988). The tribal members belonging to
the Ehrlichieae also demonstrate DNA strands and ribosomes that are distinct (Rikihisa 1990).
Instead of peripheral margination of ribosomes near the bordering cytoplasmic membrane, these
Ehrlichieae have ribosomal clumps distributed evenly within the cytoplasm.

The packing

density of both ehrlichial DNA and ribosomes is loose in comparison with other rickettsiae and,
for that matter, other bacteria. Hence, visualization of the Ehrlichieae within the cytoplasmic
milieu is difficult because their electron densities are similar to that of the cytoplasm and blend
well, especially at lower electron microscopic magnifications. Also, the outer membrane of the
Ehrlichieae is not thickened as in other rickettsia, in comparison with the inner membrane leaflet
(Rikihisa 1990; Rikihisa et al 1985).
Type Species Of The Tribe Ehrlichieae, Ehrlichia canis
The original isolation and description of Ehrlichia canis was in Algeria, 1935, and the
organism is now recognized worldwide. Ehrlichia canis is the etiologic agent of “tropical canine
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pancytopenia”, or canine ehlrichiosis, which is a tick transmitted disease of domestic and wild
dogs (Donatien and Lestoguard 1935). Soon after this Algerian description, recognition of this
disease spread to the Orient and Middle East. The United States recognized the disease entity in
1962 (Ewing and Buckner 1965). Special attention was brought to Ehrlichia canis when military
dogs in the United States armed forces, especially of the German Shepherd breed, suffered from
infection during the war in Vietnam by the hundreds. There are three manifestations of clinical
disease: subclinical, acute and chronic. In the acute form of the disease, signs are generally mild
and include pyrexia, malaise, dyspnia, lymphadenopathy, anorexia and slight weight loss (Buhles
et al. 1974; Greene and Harvey 1984; Walker et al. 1970). The signs of chronic infection include
epistaxis, hemorrhage, emaciation, edema peripherally and shock due to hypotension. The end
result is often death (Buhles et al. 1974; Greene and Harvey 1984). Hematologic abnormalities
may include leukopenia, thrombocytopenia and hypergammaglobulinemia (Buhles et al. 1974;
Greene and Harvey 1984; Kuehm and Gaunt 1985). Breed predilections appear to exist, also.
German Shepherd dogs are prone to developing chronic infections, and more specifically
hemorrhagic syndrome (Hildebrandt et al. 1973).

Concurrent Hemobartonella or Babesia

infections can also serve to exacerbate clinical signs and disease (Ewing and Buckner 1965).
Common necropsy findings include enlarged spleen and lymph nodes, and the aforementioned
plasmacytosis, again, indicative of an intense humoral response that is mounted against the
invading Ehrlichia (Hildebrandt et al. 1973). The greatest density of infected cells exists in the
lungs, lymph nodes of the mesentary, the spleen (Aronson et al. 1990) and the meningal
microvasculature (Hildebrandt et al. 1973; Huxsoll et al. 1972; Simpson 1974).
Electron microscopic evaluation reveals several fundamental habits of Ehrlichia canis
within the host cell environment. The morular inclusions tend to be located eccentrically in the
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cytoplasm, not showing even or symmetrical distribution (Rikihisa 1986). When observed
growing in the DH82 cell line (canine monocytic derivation), the Ehrlichia canis organisms are
packed quite densely within their membrane lined parasitophorous vacuole, sometimes 100
organisms per grouping. Individual bacteria are practically indistinguishable as separate entities
by light microscopic observation (Rikihisa 1990).
Rhipicephalus sanguineus, the Brown Dog Tick, is the primary arthropod vector,
transmitting Ehrlichia canis in its three forms: larval, nymph and adult (Groves et al. 1975).
There have also been reports of experimental transmission of Ehrlichia canis (the granulocytic
form) by Amblyomma americanum, the “Lone Star” tick (Anziani et al. 1988).

Being a

biological vector of Ehrlichia canis, the tick hemocytes and cells of the salivary glands facilitate
multiplication of the obligate intracellular parasites as well as the cells of the alimentary tract of
the tick, the midgut epithelial cells. Upon successful biting and feeding upon a mammalian host,
it is believed that the tick saliva along with the inherent inflammation caused by the bite itself
attracts mononuclear cells to that attachment site. This may serve to make easy and rather
convenient the infection of the mononuclear cells by Ehrlichia canis (Smith et al. 1976).
Ehrlichia species have evolved to not only survive in, but also multiply and thrive in the primary
defense cells of their host, particularly granulocytes and monocytes (Rikihisa 2000). Upon entry
into the host cells, two forms of Ehrlichia can be observed. One form resembles the elementary
body as seen in the life cycle of Chlamydia species. This form is small and visually dense,
measuring about 0.2 to 0.4 micrometers. The secondary form resembles a less dense, more
loosely organized reticular body, measuring 0.8 to 1.5 micrometers. In spite of these two readily
observed Chlamydia-like manifestations within the host cell, no such life cycle has been
observed in Ehrlichia (Rikihisa, 1991, 1990.)
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Mechanisms of ehrlichial binding and bacteria-host cell receptor interactions have been
studied with Ehrlichia risticii, the etiologic agent of Potomac horse fever. For instance, when
either the host cell or ehrlichiae were treated with trypsin (0.25%) for 15 minutes or for 30
minutes with paraformaldehyde (1%), binding of the ehrlichiae was prevented. This simple
study begs the conclusion that both the host cell and the ehrlichiae possess receptors and ligands,
respectively on their surfaces (Messick and Rikihisa 1993). When Anti-E. risticii IgG was
incubated with the organisms, the ehrlichiae were still able to bind the host cell and were
internalized, however, once inside, they were destroyed. This study shows that the ligand is
indeed an ehrlichial surface protein and that, unless there is an appropriate ligand – host cell
receptor interaction, the ehrlichiae cannot overcome primary host cell defenses directed against
them (Messick and Rikihisa 1994). The third simple study in this trilogy concerns specificity.
The tropism of Ehrlichia risticii is for equine monocytes and macrophages, in which they can
replicate post-invasion. The organisms can bind granulocytes at 370 C, but are destroyed upon
uptake. Therefore, survival of ehrlichiae also depends upon the ehrlichiae specific ligand
interacting with the specific host cell surface receptor (Messick and Rikihisa 1993). The final
result of these careful interactions between organism and host cell is an almost immediate
interference with signal transduction at the host cell membrane. This event is believed to rapidly
activate protein kinase, A which, in monocytic ehrlichial species, inhibits the up regulation of
class II antigen presentation, due to interferon gamma, in macrophages. In granulocytic species,
this protein kinase A elevation, which occurs almost simultaneously with binding, blocks
induction of neutrophil produced reactive oxygen intermediates (Mott and Rikihisa 1999).
Proper surface to surface interactions seem to be critical in ehrlichial binding, internalization and
survival.
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The Canidae are the only species demonstrating susceptibility to infection by Ehrlichia
canis. Both domestic and feral dogs are considered reservoirs of natural infection, since reports
of chronic, yet asymptomatic infections have been reported for 5 years or more (Groves et al.
1975). In canids showing symptoms, however, appropriate drug therapy is critical. Being of the
rickettsiae, Ehrlichia species demonstrate amino-glycoside resistance. However, within 1 to 2
days of therapy, tetracycline and its derivative will relieve clinical signs. With appropriate
dosage and duration, the carrier state can be cleared (Buhles et al. 1974).
Antigenically, Ehrlichia canis seems to be very closely related to the etiologic agent of a
human ehrlichiosis, based on the great magnitude of serologic reactivity. It is found in America,
in approximately 14 states, and differs from the Japanese and Malaysian ehrlichial malady,
Sennetsu Fever, caused by Ehrlichia sennetsu. While Ehrlichia sennetsu excludes neutrophils
and lymphocytes in favor of monocytes, the American human ehrlichiosis does not (Maeda et al.
1987). This agent is hypothesized to be either a novel species or even a new Ehrlichia canis
strain. Isolation in DH82 cultured cells from those patients stricken with the disease has been
documented (Dasch et al. 1990). Death from infection has been reported in three cases, but more
may have gone misdiagnosed, and unreported (Eng et al. 1990; Walker et al. 1989).
History Of Bioluminescence
In now classic experiments in the study of bioluminescence, Dubois prepared crude
extracts of the substrate-enzyme combination, luciferin and luciferase, from the elaterid,
Pyrophorus, in 1885 and from the clam, Pholas, in 1887. These are both luminous creatures.
When mixed with an oxygen containing aqueous solution, the enzyme acted upon the substrate
and there was luminescence (Dubois 1885; Dubois 1887; Harvey 1953; Harvey 1955). In studies
of luminous hydromedusans, it took almost 10,000 specimens to purify 5 milligrams of active
12

substance named “Aequorin” (Shimomura et al. 1962).

At this time, the biochemistry of

luminescence was very much a mystery. As soon as the first century, Pliny (Harvey 1957)
characterized Pelagia moctiluca, which he called “Pulmo Marinus”, and its light. He noted that
the slime on the bell of the organism, when applied to different surfaces, emitted light as though
it were ablaze. Spallanzani noted that even decomposing post mortem specimens, when placed
in fresh water, still gave off light (Spallanzani 1794, 1798). Electrical stimulation was added to
the equation by von Humboldt, early in the nineteenth century, along with Macartney (von
Humboldt 1853; Macartney 1810; Harvey and Knorr 1938). This anaerobic phenomenon was
true not only in medusae, but also in ctenophores and radiolarians. Since the luciferin-luciferase
equation requires oxygen, this finding was very new to the field (Harvey 1952, 1955).
The organisms from which the raw materials for these studies came were Aequorea aequorea
specimens, all collected near Friday Harbor, Washington. The light organs were ovoid and
yellow in color. They were paired and flanked the medusan’s tentacular bulbs that are near the
marginal canal. A sedentary specimen, when viewed with an ultraviolet lamp, fluoresced green
from within those organs, as if excitation had occurred (Forbes 1848; Harvey 1921; Davenport
and Nichol 1955). Upon rupture of these light organs, which seem fragile, granules are released
that glowed upon interaction with water.
Never before observed in the study of bioluminescence, this organic matter appeared to
be singular in its light-emitting reaction, requiring only an aqueous environment and calcium
ions. Indeed, there was no enzyme-substrate mechanism, no oxygen or peroxide factored into
the reaction (Harvey and Tsuji 1954; Harvey 1955; Johnson et al. 1961). This bioluminescent
component, aequorin, is part of this reaction: Aequorin + Ca++ → products + light + Ca++. To
date, aequorin participates in the simplest bioluminescent reaction known.
13

Green Fluorescent Protein Information
Green Fluorescent Protein (GFP) is currently the visual marker gene of choice for
reporting the expression of genes and for localizing fusion proteins, for example. Prasher et al.,
reported the successful cloning of the reporter gene cDNA and Chalfie et al., reported its
expression (Prasher et al. 1992; Chalfie et al. 1994). These two landmark events following its
discovery and the elucidation of its calcium ion dependent luminescence (Shimomura et al.
1962) were essential for the popularity and extensive use of GFP in many applications. The
equation was clarified when it was learned that aequorin from Aequoria victoria provides the
necessary energy to excite to luminescence the GFP (Morin and Hastings 1971; Morise et al.
1974). Consistent with the cassette that encodes GFP in the plasmid used in this dissertation
research to transform Ehrlichia canis, native GFP is quite stable, it resists proteolysis, and forms
a peptide chain consisting of 238 amino acid residues. The GFP absorbs maximally at 395
nanometers and also at 475 nanometers (Ward 1981; Ward et al. 1982). GFP emits green light at
509 nanometers (Morin and Hastings 1971; Ward et al. 1980). The stability, when expressed in
C. elegans and E. coli, for example, is 10 minutes, before photobleaching takes place. Excitation
with minimal photobleaching occurs from 450 to 490 nanometers. From 340 nanometers to 390
nanometers, and also from 395 nanometers to 440 nanometers, photobleaching is almost
inevitable (Silhavy and Beckwith 1985; Gould and Subramani 1988; Stewart and Williams
1992). In all of its current enhanced, codon optimized, color-shifted and other modified forms,
including the original wild-type version, GFP remains among the visual reporter genes of choice.
Plasmid Information
Plasmid sizes and number of copies maintained per cell vary from one to a hundred or
more kilobases and from one to more than one hundred copies, respectively. Of importance in
14

pathogens, many of the factors of virulence are often encoded on the extrachromosomal DNA of
plasmids in groupings called pathogenicity islands (Brubaker 1985). To the advantage of the
bacterium maintaining the plasmid, there may be heavy metal and antimicrobial drug resistance
cassettes (Cohen and Miller 1970). There exist plasmids that are cryptic in nature. The only
seemingly transcribable, translational and functional genes are those effecting replication and
also possibly conjugative functions. Being of small size, with a few modifications, these cryptic
plasmids could, and at times, do make good vectors for cloning. Historically, most plasmids that
fit these criteria belong to the P-1 and Q incompatibility groups (Schmidhauser et al. 1988).
Vectors with potential to enter and be maintained in a broad range of prokaryotic hosts are
available commercially, but are often awkward in their architecture. Encumbered by their
comparatively large size (sometimes > 10 kilobase pairs) and wrought with deficiencies such as
shortages of multiple cloning sites, low copy maintenance numbers and lack of readily
identifiable selection components, this group of vectors had limited uses (Harayana and Rekik
1989).
One remedy to these obstacles is the pBBR1 series of vectors. The original plasmid is of
small size (~2.6 kb) and cryptic in nature, has a broad host range and does not belong to the P, Q
or W incompatibility groups.

When fitted with an antibiotic resistance cassette and

electroporated into Esherichia coli, these plasmids are maintained stably and in a high number of
copies.

The plasmids can be transferred by conjugation or transformation and have been

introduced without difficulty into a variety of diverse species of bacteria including Pseudomonas,
Escherichia, Rhizobium, Bordetella and Vibrio with stability (Antoine and Locht 1992). Isolated
initially from various strains of Bordetella bronchiseptica, the plasmid is called pBBR1. Its
replication seems to be a combination of Gram positive mobilization and Gram negative
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replication mechanisms. Rolling-circle replication involves single stranded intermediates, (Gruss
and Ehrlich 1989) and neither pBBR1, pBBR1CM or pBR328 demonstrate these DNA
intermediates during their replication.
This pBBR1 vector series possesses the desired compatibility with a broad range of hosts,
is mobilizable, and yet is diminutive in comparison with its larger counterparts (Antoine and
Locht 1992). The added chlormaphenicol resistance plasmid cassette and multiple cloning site
(MCS) compliments of a pBluescript II derived KS-lacZ polylinker (pBluescript II KS from
Stratagene, La Jolla, CA, USA) further evolved pBBR1 to pBBR1CM and then to pBBR1MCS
(Alting-Mees and Short 1989).

This polylinker insert introduced 16 unique enzymatically

restricted sites which interrupt a complete lacZ fragment. This design facilitates blue-white
selection and evidence of insert presence or absence within, the polylinker using 5-bromo-4
chbro-3-indoyl-B-D-galactopyranoside, or X-gal. MacConkey-lactose Agar can also be used −
these two options in the stead of antibiotic sensitivity, if necessary.

Added features of

pBBR1MCS include the gene encoding B-galactosidase and inducible promoters from the T3
and the T7 bacteriophages. These promoters can be triggered both in vitro and in vivo (Antoine
and Locht 1992). With a size of only 4.7 kilobases, pBBR1MCS seems to be the prototypic
broad host range with more pros than cons concerning its use.
The characterization of pBBR1 was done in Escherichia, strain MM294. E. coli were
first transformed with pBBR1 and then plated on Luria-Bertani (LB) media plates with
kanamycin, streptomycin, ampicillin, tetracycline and chloramphenicol. Since the results were
negative for identifiable antibiotic resistant transformants, two conclusions could be drawn at
this point. The first is that the plasmid was not present or non-functional in the Escherichia. The
second possible conclusion was that the plasmid has no markers for antibiotic resistance against
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these 5 compounds. For clarification, the genetic sequences for chloramphenicol resistance
found in pBR328 was cloned and inserted at either of 2 sites in pBBR1 (the Pvu I restriction site
or the Ava II restriction site). The two positions made available for insertion were to make sure
that no essential regions of pBBR1 were interrupted. The resistance cassette is 1364 bp long.
Hence, pBBR1CM was born, and did transform E. coli successfully (Antoine and Locht 1992). I
have used both pBBR1MCS on two occasions and pBBR1MCS-6 on five occasions to transform
Ehrlichia canis. Dr. Philip Elzer, Professor at Louisiana State University School of Veterinary
Medicine, Department of Pathobiological Sciences and Department of Veterinary Science,
generously furnished me with these vectors.
Electroporation
The permeability of a cell and the viability afterwards depend upon a localized
degeneration of the membrane. This degeneration is due to polarization of the components of the
cell membrane by having the trans-membrane voltage potential exceed the threshold. These
factors should, however, be controlled and transient (Knight 1981; Knight and Scrutton 1986).
Reversible permeabilizatin of cells using electric fields is defined as “electroporation”. If certain
limits are surpassed, the cell may not recover and viability may be lost (Neumann et al. 1982;
Nishiguchi et al. 1986).

Though detailed mechanisms have not yet been elucidated, the

differentials of potential required are approximately 0.3 to 1.5 volts. Other variables include
duration, temperature and the makeup of the membrane (Knight 1981; Knight and Scrutton
1986).

Electroporation provides a very feasible and efficient means of introducing

macromolecules into prokaryotes and eukaryotes (termed “electro-transfection” in eukaryotes
and “electro-transformation’’ in prokaryotes). It is quite helpful and often more efficient than
chemically-induced manipulations, to which some cells are refractory (Chu et al. 1987). Also,
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protocols that rely upon efficient and successful conjugation or even working with protoplasts
can be difficult, laborious and protracted in length. Great success with both gram negative and
positive organisms has been achieved with electroporation using intact cells (Shigekawa and
Dower 1988). There are many factors that affect the efficiency and success of electroporation.
First, DNA should be discussed. The DNA concentration is of importance in determining the
percentage of transformants that result. In Escherichia coli, for example, there was a linear
increase in resultant transformants as the concentration of DNA increased for 5 nanograms to 5
milligrams per milliliter (Miller et al. 1988). Not only concentration, but DNA size may also
affect electroporation efficiency. A very simple yet elegant experiment was performed by
electroporating plasmids, sizes 4.4 kilobases, 7.4 kilobases and 26.5 kilobases. The correlation
between size of plasmid DNA and the number of recovered transformants was not evident
(Powell et al. 1988).

Transformation efficiency was not affected by the size of plasmid

employed, as evidenced by Powel et al. in that preliminary investigation; however, cell
concentration is another variable that can substantially affect this system.

Though substantial, it

would stand to reason that, if optimized cell and DNA concentrations are present at the time of
electrotransformation, this will be reflected in the results as more identifiable transformants.
Also important in the ability of a cell to efficiently accept DNA is the phase of growth it is in. It
is advisable to not use slow growing, older cells in the electrotransformation reaction, but rather,
cells in mid-log growth phases (Miller et al. 1988; Powell et al. 1988).
As important as the cells and DNA are to the outcome of the transformation reaction, the
media in which they are suspended is also important. Ionic strength of the electroporation media
is paramount on the list of significant characteristics. It will determine how conductive the
media will be and, ultimately how long the electrical pulse endures through the reaction. Also
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affected are the thermal increases and current. In general it is accepted that media with reduced
ionic strengths work well in most instances, either phosphate (Chassy and Flickinger 1987;
Dower 1987; Fledler and Wirth 1988; Lalond and O’Hanley 1988; Miller et al. 1988; Muriana et
al. 1988; Powell et al. 1988) buffered or HEPES buffered (Dower et al 1988). Results have also
been achieved with media that has no buffer (Calvin 1988). Sucrose, and also raffinose, have
been employed to stabilize the osmotic environment of protoplasts, for example, as well as
glycerol for its protective properties in this chilled reaction. What degree of benefit these agents
confer on intact cells has not yet been determined. Calcium, manganese and magnesium, in their
divalent cationic states, which may be normal media constituents, are also an issue to be
addressed. Upon electroporation, these cations may enter the bacterial cell and cause harm. It is
known that some species are seemingly affected minimally while others experience inhibition
(Miller et al. 1988). Some electroporation/transformation failures may be the consequences of
these, and certainly other, unexplained phenomena.
The type of cell, specifically, may cause individual problems reaction to reaction. Some
bacteria have very stringent restriction endonuclease profiles. To remedy this scenario, there are
a few proposed routes of action. One could harvest a modified version of the plasmid from the
few successful transformants of that bacterium. Also, if the profile has been elucidated, the
affected sites could be removed. In cases of extreme fortune, the bacterial strain appropriate
methylase is available to modify the plasmid in an acceptable pattern for the organism. Bacteria
may also secrete generic nucleases into the electroporation reaction. One approach, outline by
Chassy and Flickinger, is to simply work quickly and efficiently.

If the DNA is added

immediately preceding the application of electricity, then less time elapses in which nucleasemediated degradation of the transforming DNA can occur (Chassy and Flickinger 1987). The
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cell type also refers to barriers of a physical nature also. Structures such as specific types of cell
walls or even capsules, slime layers and the like, may also result in unsuccessful transformations.
Very careful alterations of growth conditions, or treatment with enzymes or chemicals can gently
diminish or even remove the negative effects of these otherwise beneficial barriers from the
electroporation reaction if necessary. In these instances, also, some form of osmotic support may
be necessary (Powell et al. 1988). In summary, there are many variables, some elucidated, some
merely proposed that affect the success of electro-transformation. However, with adjustment to
one or more of these variables, a majority of prokaryotic (and eukaryotic) cells should be
amenable to this process. With higher field strengths made necessary by their smaller size,
prokaryotes can be genetically enhanced just as eukaryotes can (Shigekawa and Dower 1988).
Electron Microscopy History / Preface
The evolution of microscopy began with the ingenuity of eyeglass makers, the Janssens,
in 1590, who fashioned the compound light version of the microscope. This instrument provided
a 20 to 30 times magnification over actual size. A century later, Antonie van Leeuwenhoek
developed a single lense microscope, which improved magnification to as much as 300 times the
original size of the object. At the turn of the 20th century, magnification was reaching 1,000
times the original size, and the magic resolution of being able to differentiate two objects only
0.2 micrometers apart was realized. By the 1930’s, electron microscopy was in existence. In
addition to the extra thousand fold magnification increase due to the shorter wavelength of the
electron versus light, there was also a commensurate increase in resolution. It took just a half
century to develop the electron microscope to a point that it could be used to advantage, yet, in
contrast, it took nearly three centuries to get the light microscope to similar level of refinement.
The Nobel Prize was awarded to Ernst Ruska and to Max Knoll in 1986, being recognized as the
20

developers of the first modern electron microscope. For my purposes, the dynamics of the
transmission electron microscope are important. The premise is that electrons are projected
through a thin section of contiguous tissue or cells. The light and dark of the resultant picture on
the phosphorescent screen is dependent upon the electron density of that portion of the specimen,
i.e. how may electrons can pass through and register their collective impact on the screen.
Electron microscopy has played an integral and mandatory role in understanding the
evolution of biology and many other related disciplines. It should not be forgotten that a
majority of cellular inclusions and organelles were discovered, described and resolved to their
optimum visual limits using these instruments and the science of operating them. The future of
electron microscopy will lead science further into the next era. There are projections under
development that soon, living systems will be resolved at unbelievably high levels (Bozzola and
Russell, 1999).
PCR Preface
Saiki et al. observed that previously the difficulty in analyzing individual nucleotide
sequences was the preponderance of either inhibitory, non-specific material or trace amounts of
the sequence of interest (Saiki et al. 1988). The remedy had been described in the mechanisms
of polymerase chain reaction, or PCR (Mullis and Faloona 1987; Saiki 1985). A now routine 106
was the amazing amplification factor by which a particular DNA target sequence could be
selectively enriched in a PCR reaction. This landmark tool has been used, among other things,
for genomic sequence cloning (Scharf et al. 1986), rearrangement of the chromosome (Lee et al.
1987), mitochondrial sequencing (Wrischnik et al. 1987), viral pathogen detection (Kwok et al.
1987), genomic DNA sequencing (McMahon et al. 1987; Wong et al. 1987), and examining
variations of nucleotides in sequences (Saiki et al. 1986; Embury et al. 1987; Bos et al. 1987).
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The basis of PCR is repeating cycles resulting in extension and amplification of the target
sequence. A pair of oligonucleotide primers anneals to the denatured DNA, one at each end of
the sequence of interest based on bonds formed due to the complimentarity. Each cycle involves
heat mediated denaturation, or “melting” apart of the double helical DNA strands, which
facilitates the annealing of the primers each time.

A DNA polymerase extends the two

fragments, started or “primed” by the primers, adding complimentary bases to those on the
sequence of interest from the free nucleotides in the reaction mix. Each cycle of denaturation,
annealing of primers, and DNA polymerase-driven extension of the segment, doubles that
portion of DNA. The population of that fragment grows exponentially in the reaction mixture by
a factor of 2n, “n” being equated to the total cycle number.
Saiki et al. addressed the problem of thermostable deficiency in the DNA polymerase I of
Escherichia coli, particularly the Klenow fragment.

This particular polymerase was used

originally, but had to be replenished with each cycle because the heat necessary to melt the
strands apart and allow primer annealing also destroyed the enzyme. This enzyme addition made
the process of PCR very labor intensive and also introduced error. This group described the
welcomed substitution of the Escherichia – derived polymerase to a polymerase extracted from a
bacterium, Thermus aquaticus (hence Tag polymerase), which is a thermophile. Since the
bacterium lives and thrives in extreme heat, all of its enzymes, et cetera, must be thermostable
for its ultimate survival. This obvious advantage is what made its DNA polymerase perfect for
use in PCR (Saiki et al. 1988). This was a major event in propelling PCR forward and making it
a present day standard in many scientific disciplines, with great evolutionary potential for future
use at advanced levels of operation. This polymerase can perform optimally for all cycles of a
single reaction, extinguishing the need for cycle by cycle replenishment. In doing so, the yield,
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specificity, sensitivity and the lengths of target sequence to be amplified all increased. This new
found convenience, efficiency and reliability ushered in the era of molecular approaches to many
things. Fragments of DNA could be amplified in a clonal fashion for use in vector construction
as an example. Disease diagnosis could also be made using this tool. Also, different variants
and certain mutations can be identified on a specific locus. RNA is also amenable to PCR
amplification. My use of PCR was to identify transformants.
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MATERIALS AND METHODS
Host Cell Line (Dog Bone Marrow Cells [DBMC])
Dr. Richard E. Corstvet, Professor of Microbiology, Louisiana State University School of
Veterinary Medicine, Department of Pathobiological Sciences and Department of Veterinary
Science, developed the Dog Bone Marrow Cell (DBMC) cell line in which the Ehrlichia canis
was propagated. There are very few cell lines capable of supporting the growth and propagation
of Ehrlichia canis. The permission to utilize this cell line was of great importance in the
completion of this dissertation. In a personal communication with Dr. Corstvet, the origins of
the cell line were revealed. The initial bone marrow aspirate was taken from a non-descript
canine that had been donated to the Louisiana State University School of Veterinary Medicine
for the purposes of a student surgery laboratory. The culture conditions are: in 25 cm2 tissue
culture flasks (Corning Incorporated, Corning, NY, 14831, USA); no antibiotics were added to
the Fischer’s (Gibco BRL 71100-077) base medium, which is reconstituted in double deionized
water of tissue culture grade, with (1.125 grams/liter) NaHCO3, horse serum (Hyclone
Laboratories, Inc.) at a 20% concentration, L-Glutamine (Gibco 25030-016) at a 200 millimolar
concentration, and hydro-cortisone (Solu-Cortef) at 2 milligrams/milliliter.

The cells are

maintained at 370 C and 5% CO2 in a humidified incubator with lids capped tightly (Corstvet,
personal communication 2002).
Microbial Isolate (Ehrlichia canis)
Dr. Steven D. Gaunt, Professor at Louisiana State University School of Veterinary
Medicine, Department of Pathobiological Sciences, described the origin of the strain of Ehrlichia
canis used in this dissertation research as being purified for propagation in DBMCs from a
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clinically presented case of a naturally occurring infection in a canine. The case was evaluated at
the Louisiana State University School of Veterinary Medicine (Gaunt, personal communication
2002). This strain is called “Louisiana isolate” Ehrlichia canis.
Inoculation Of DBMCs With Ehrlichia canis
In order to inoculate a flask of DBMCs with fresh Ehrlichia canis, an already infected
DBMC culture was always checked by preparation of a cytospin (Shandon Cytospin2) with
subsequent indirect fluorescent assay (IFA) staining to quantitate the Ehrlichia canis present.
The infected culture should demonstrate a cell infection rate of > 80%. The cytospin apparatus’
funnel was filled with 500 microliters of Ehrlichia canis infected DBMCs in medium suspension.
The rotor was spun at 800 rpm x 10 for 5 minutes. The resultant slide was fixed in cold acetone
for 5 minutes. After a brief period of drying, the small dot of fixed cells was covered with dog
derived Ehrlichia canis primary antibody after being circled with a wax “isolator’ pencil. The
slides were incubated with primary antibody at 370 C for 30 minutes.
Immediately after this incubation, the slides were dipped in distilled water (dH20),
agitated gently in phosphate buffered saline (PBS) and dipped once more in dH20. The slides
were dried in the hood’s airflow until dry. Upon drying, the secondary antibody, goat derived
and fluorescein labeled anti-dog antibody was dropped onto the antigen drop circle and
incubated for 20 minutes at 370 C. The previously described rinsing procedure was repeated,
except the final drying step was not employed. Before complete drying occurred, the slide was
fitted with a glass cover slip on top of a drop of 10% glycerol in water, and read on a fluorescent
microscope under a 40X objective.
Once the percent infection was determined on a fluorescent microscope, the flask was
scraped with a cell scraper. A nearly confluent DBMC monolayer can be inoculated with 0.5
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milliliters of the > 80% Ehrlichia canis infected DBMC if the flask size is 25 cm2 (1milliliter is
used in a 75 cm2 flask). The newly inoculated flask was then returned to a 370 C humidified
incubator with 5% CO2. The percent infection of the newly inoculated DBMC monolayer with
Ehrlichia canis should reach > 90% in approximately one week.
If the inoculation of the newly passaged DBMCs is performed with frozen Ehrlichia canis
infected DBMCs, 0.5 millilters of cell suspension from the cryopreservation tubes will still
suffice, but infection reaching > 90% requires more time versus fresh inoculum. In liquid
nitrogen, viability of Ehrlichia canis remains at an appreciable level for about 1 year. At –700 C,
the viability is maintained for less than 6 months. In both instances, the cryopreservation tubes
must be quick thawed in a 370 C water bath. The thawed inoculum must be spun out of the
media, resuspended in fresh media and then pipeted into the recipient flask, or the medium of the
inoculated flask can be changed after 24 hours of incubation at 370 C, 5% CO2 in humidified
conditions.
Electro-transformation Protocol: Ehrlichia canis
Host cell free Ehrlichia canis bacteria were essential to this procedure. Ehrlichia canis
infected Dog Bone Marrow cells (> 70% infected, verified by IFA or Wright’s Giemsa staining)
were harvested with a cell scraper. The resultant suspension of cells was centrifuged at 12,000 x
g, 40 C for 20 minutes (Ependorf Centrifuge 5810R; A-4-62 rotating head). Post-centrifugation,
the resultant supernatant was poured off of the cell button, which was subsequently resuspended
in 1/10 the original volume of the Fisher’s medium used in culture. The host cells were then
mechanically fractured using a 7 milliliter Tissue Grind Pestle (Kontes Glass Company /
Vineland, NJ). The plunger was employed 30 times, gently, yet with purpose. When the entire
suspension volume had been disrupted 7 milliliters at a time, the resultant lysates were
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centrifuged at 1,000 x g at 40 C for 20 minutes. This step removed the larger, heavier DBMC
debris, et cetera, from the mixture, leaving the host cell free Ehrlichia canis in the supernatant.
This supernatant was spun at 40 C and 14,000 x g for 15 minutes. The buttons that resulted
should have a very high Ehrlichia canis population and little fractured cellular debris.
The Biorad Gene Pulser  was set at 200 ohms, 25 microfarads and a range of 1.0 - 2.5
kilovolts. Shortly before the electroporation, 1-3 microliters of transforming DNA, for my
purposes, pBBR1MCS-6 or pBBR1MCS, was added to the 0.1 centimeter gap cuvette with the
host cell free E. canis to a total reaction volume of 20 microliters. The purified E. canis can
remain in its culture media, but preferentially be resuspended in 10% glycerol or an appropriate
sucrose solution, as per standard electroporation protocols. Initial feasibility studies addressing
post-electro-transformation viability were performed in media with success.

After the

electroporation was completed, the contents of the electroporation cuvette were flushed into a 25
cm2 flask of confluent DBMCs and the flask was placed back into the humidified incubator.
Within 72 hours post-electroporation, and certainly depending upon the visually assessed DBMC
monolayer condition, 2 micrograms/milliliter chloramphenicol was added to the tissue culture
media. Subsequent DBMC passage/splitting of cells was also performed by visual assessment
and discretion according to cell density and health. Stress is usually manifested by the roundingup of the cells or increased granular appearance of the cytoplasm.
Processing For Transmission Electron Microscopy
(Electron Microscopy Center; LSU School of Veterinary Medicine; Baton Rouge, LA 70803)
In preparing the cells for TEM processing, the cells to be observed were scraped from
their attachments in the flask, spun down into a pellet, and the supernatant was decanted. The
primary fixative, about 1-2 milliliters, was used to resuspend the cell button for approximately
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one hour of fixation. This primary fixative was 1.25% glutaraldehyde and 2% formaldehyde in
0.1 M sodium cacodylate buffer, at room temperature, at pH 7.4. Three 10 minute washes
followed primary fixation. The washing solution was 0.1 M sodium cacodylate buffer with 5%
sucrose at room temperature at pH 7.4. The post fixative treatment was 1 hour incubation in 1%
osmium tetraoxide in 0.1 molar sodium cacodylate buffer at room temperature at pH 7.4. The
sample was then washed 3 times, 10 minutes each time, in room temperature water. The “en
block” staining was then performed with an overnight incubation in 0.5% uranyl acetate in water.
Now, the dehydration was accomplished as follows: 30% ethanol, 1 change, 5 minutes; 50%
ethanol, 1 change, 5 minutes; 70% ethanol, 2 changes, 5 minutes; 80% ethanol, 2 changes, 10
minutes; 90% ethanol, 2 changes, 10 minutes; 100% ethanol, 3 changes, 10 minutes. At this
point, all of the water has been removed from the cells, making possible the infiltration of the
cells by alcohol soluble resins (Epon 812 and Araldite 6005). The ratio is slowly shifted with
lessening amounts of ethanol and increasing concentrations of epoxy resin. Initially, the resin:
ethanol ratio was 1:3, 1 change for 30 minutes. Then, the ratio evens at 2:2, 1 change for 1 hour.
The next single change was for 30 minutes, putting the ratio of resin: ethanol at 3:1. Finally,
there is a 2 time, 30 minutes each change, involving only epoxy resin. The next single, 30
minute change was with the resin and DMP-30, a polymerization catalyst, which was repeated
just prior to placing the blocks in the oven. Polymerization was accomplished by a 12-24 hour
incubation at 600 C. The blocks were thin sectioned (near “silver”) and the sections mounted as
a ribbon on gold grids.

They were stained with 5% Uranyl Acetate for 10 minutes, and then

lead citrate for 3 minutes before viewing.
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PCR Preparation And Set-up
Host cell-free Ehrlichia canis were purified by the mechanical disruption and
centrifugation protocol outlined previously concerning the preparation of Ehrlichia canis for
electroporation. The resultant pellet from the high speed centrifuge spin was subjected to an
alkaline lysis procedure employed by and modified for use in Dr. Richard K. Cooper’s laboratory
at Louisiana State University, Department of Veterinary Science, 111 Dalrymple Building, Baton
Rouge, LA 70803. The original protocol was described earlier as “A rapid alkaline extraction
procedure for screening recombinant plasmid DNA” (Birnboim and Doly 1979). The pellet was
resuspended in 300 microliters consisting of 50 mM Tris- (base), 10 millimolar EDTA, pH 8.0
with addition of 100 micrograms/milliliter Rnase A prior to use. After gentle pipetting to insure
thorough mixing, 300 microliters of 200 millimolar NaOH and 1% SDS were added. Mixing
occurs by gentle tube inversion, in this instance. The next step involved the addition of 300
microliters of 3.0 M Potassium Acetate, pH5.5 to the tube. Following gentle mixing, the tube
was centrifuged at 14,000 rpm (Ependorf Centrifuge 5810R; A-4-62 rotating head) for a time of
10 minutes. The supernatant that results was then transferred to a 1.5 milliliter tube and 560
microliters of isopropanol was added to facilitate DNA precipitation. The supernatant was
subjected to a 15 minute, 14, 000 rpm centrifugation . The tube was gently inverted to remove
the liquid, and the DNA pellet, which may not be visible, was allowed to dry briefly, and then
was resuspended in 50 microliters of dH2O.
The resultant DNA was then treated with Plasmid-Safe  ATP-Dependent Dnase
(Epicentre, 1202 Ann Street, Madison, WI 53713) overnight. At an alkaline pH, the enzyme
hydrolyzes primarily double-stranded linear DNA, and to a lesser degree, single-stranded closedcircular DNA and linear DNA. The molecules spared from degradation into deoxynucleotides
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are supercoiled closed circular DNA and circular double-stranded DNA that is nicked. ATP
drives the enzymatic action and its activity can be halted with a half hour incubation at 700
Celsius.
The total reaction mixture was a 50 microliter total volume. An aliquot of 3 microliters
of the DNA in dH2O is combined with 39 microliters sterile water, 2 microliters of 25 millimolar
ATP, 5 microliters of 10X Reaction Buffer (330 mM Tris-acetate pH 7.8 at 250 C, 660
millimolar potassium acetate, 100 millimolar magnesium acetate, 5.0 millimolar DTT), add 1
microliter Plasmid-safe Dnase. This tube was incubated at 370 Celsius overnight. A 700 C
inactivation step for 30 minutes was employed before the next step.
The DNA was put through a combination cleaning and concentrating step with the Zymo
Research DNA Clean & Concentrator  -5 (Zymo Research, 625 West Katella Ave, Suite 32,
Orange, CA 92867-4619). Twice the volume of the total DNA solution was added in DNA
Binding Buffer. This combined volume was loaded into the Mini-Spin Column and the column
is placed into a 2 milliliters tube for fluid collection. This apparatus was centrifuged at > 10,000
x g for 5 seconds to 10 seconds. The fluid collected was discarded. Wash Buffer, at a volume of
200 microliters, was added to the column twice and spun through at top speed (10,000xg), first
for 5 to 10 seconds- the second time for 30 seconds. Finally, the DNA was eluted with 8
microliter dH2O, for a total of 11 microliter of eluted DNA ready for PCR.
The FailSafe  Kit (Epicentre, 1202 Ann Street, Madison, WI 53713) was employed for
the PCR studies performed in this project. In PCR for the electro-transformation/ plasmid gels
and for the DBMC/ E. canis genomic control gels, each tube contained a reaction mix totaling 50
milliliters, consisting of 21.5 microliter PCR-grade water, 1 microliter each of forward and
reverse primer to the appropriate target gene, 25 microliters of the appropriate FailSafe  PCR
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PreMix (PreMix G) for the Ehrlichia canis p28 and GFP gene mixtures; PreMix F for the
chloramphenicol acetyl transferase [CAT] gene mixture) and 0.5 microliter of FailSafe PCR
Enzyme Mix blends a 3’ to 5’ proofreading enzyme conferring high fidelity with a number of
other thermostable DNA polymerases.

There were also twelve PreMixes containing 100

millimolar Tris-HC1 (pH8.3, 220 C), 100 mM KC1, 40 micrograms of each dNTP, with varying
amounts of Mg+Cl2 (3-7 mM) and FailSafe  PCR Enhancer (betaine[tri-methyl glycine]) from
0 to 8X, which improves the specificity and yield as well as protecting the DNA polymerase
blend at high temperatures. The template DNA for amplification of the plasmid-encoded CAT
gene and GFP gene in PCR #1 are a result of the aforementioned alkaline lysis /Plasmid-Safe
Dnase/Zymo Research DNA Clean & Concentrator -5 protocol. The template for the genome
– located Ehrlichia canis p28 gene also used in PCR #1 and 2, as well as the genomic DNA
control from the DBMCs used in PCR #2 were the result of extraction using Qiagen



DNeasy

Tissue Kit (Qiagen, 28159 Avenue Stanford, Valencia, CA 91355). One to three 25cm2 tissue
culture flasks from Corning were scraped to suspend the attached cells in the culture medium.
The cells were pelleted, the supernatant decanted, and 200 microliters of phosphate buffered
saline was added for resuspension. This suspension was gently vortexed after the addition of 20
microliters of Proteinase K. Buffer AL was then added at a volume of 200 microliters. A 15
second vortexing with an incubation of 560 C for 10 minutes followed. To facilitate precipitation
of the DNA, 200 microliters of ethanol was added, and the tube was briefly vortexed and
centrifuged. The resultant 600 microliters volume was loaded bit by bit onto the spin column
and centrifuged at 10,000 rpms for 1 minute. After all of the preparation had passed through the
column, the collection tubes were changed. The first wash buffer, AW1 was added at a volume
of 500 microliters and centrifuged through at 8,000 rpm for 1 minute.
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This fraction was

discarded. AW2, the second wash buffer, was added at he same volume, and was spun at full
speed for 3 minutes. The spin column was removed and placed in a clean, labeled 1.5 milliliter
microcentrifuge tube. The elution buffer, Buffer AE, was added to the column and sat for 5
minutes before being spun through at 8,000 rpm for 1 minute. (This can be frozen at –200 C until
needed.) The final ingredients added to the PCR reaction tube are the primers.
There are three sets of primers for the three genes of interest in my research:
A) The plasmid-encoded green Fluorescent protein (GFP) gene
i)

GFP5:5’ GTC-AGT-GGA-GAG-GGT-GAA-GGT-GATGCA-AC 3’

ii)

GFP6:5’ GAA-AGG-GCA-GAT-TGT-GTG-GAC-AGGTAA-TG 3’

B) The plasmid-encoded chloramphenicol acetyltransferase (CAT) gene
i)

CAM-1:5’ CCT-TGT-CCA-GAT-AGC-CCA-GTA-GC3’

ii)

CAM-2:5’ TGG-TGA-TAT-GGG-ATA-GTG-TTC-ACC3’

C) The Ehrlichia canis genomic p28 gene-(highly conserved; multiple copies)
i)

Ec 3f224: 5’ CAA-TAT-CTA-ACT-CTT-CTC-CAG-A 3’

ii)

Ec 3r 743:5’ ATA-GCA-GGG-ATG-TCT-CTA-AAT 3’

The amplification program proceeds as follows:
1) 960 C for 5 minutes
2) 960 C for 30 seconds
3) 550 C for 30 seconds (GFP and p28) 50.00 C for 30 seconds (CAT)
4)

720 C for 1 minute

5) return to step #2, 40 times
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Western Blot
There were two groups of cells used in this study. The positive control cells were STBL4
Escherichia coli that were transformed with pBBR1MCS-6 and were expressing GFP. The
experimental group were E. canis also transformed with pBBR1MCS-6. Both groups of cells
were spun out of their respective media and individually resuspended in 500 microliters of sterile
phosphate buffered saline (PBS).

They were both subsequently spun out of the PBS and

resuspended separately in 50 microliters of sample buffer (sodium dodecyl sulfate [SDS] and 2mercaptoethanol). As a negative control, the same was done to normal, unmanipulated E. canis
infected DBM. All were boiled for 10 minutes, and then freezer cooled.
Meanwhile, a 10 well, precast 12% resolving gel (Bio-Rad Life Science, Hercules, CA)
was set up in a Biorad Mini-Protein II electrophoresis system. The samples were loaded in 40
microliters aliquots into the following lane assignments: 10 microliters Biorad Precision Protein
Standard, Prestained, Broad Range; (lane 1); Blank (lane 2); E. coli + pBBrIMCS-6 positive
control (lane 3); DBM / E. canis negative control (lane 4); DBM / E. canis + pBBRIMCS-6
experimental sample (lane 5). The gel was run at 200 constant volts for 45 minutes. Upon
completion of the electrophoresis, the resolved gel proteins were transferred onto 0.45
micrometer nitrocellulose membrane using a Bio-Rad TransBlot SD Semi-Dry Transfer Cell.
Settings for the cell were 15 constant volts for 30 minutes. The nitrocellulose membranes were
subsequently dried in a 370 C incubator. The membranes were blocked 1 hour with 1% nonfat
dry milk in Tris buffered saline (TBS). Then, the GFP was probed with BD-Biosciences
Clontech Living Colors A.v. monoclonal antibody diluted 1:100 in 1% Tween 20 in TBS
(1:100). There were 3, 5 minute washes with TBS/ Tween 20 (0.05%). Following the washes
antigen-antibody complexes were detected with Affinity Purified Peroxidase Labeled Goat anti33

mouse Ig G (+++L) antibody diluted 1:750 with (Kirk guard & Perry Laboratories,
Gaithensburg, Maryland 20879-4174 USA) 1% non fat dry milk in TBS for 1 hour. The 3X
washing step was employed again once the bands are developed sufficiently using 4 CN
Peroxidase Substrate (Kirkguard & Perry Laboratories, Gaithensburg, Maryland 20879-4174
USA).
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RESULTS
DIC/ Fluorescence
(pBBR1MCS-6)
This set of results refers to Figures 1A, 1B (page 36) and 1C (page 37). These light
micrographs are of DBMCs with electro-transformed E. canis contained within their morular
compartments. Observed in each DIC light micrograph are typical DBMCs infected with E.
canis that has been transformed with pBBR1MCS-6 and subjected to constant chloramphenicol
selective pressure for 2.5 months. Obvious to the eye are numerous indented and raised areas of
relief in association with these cells, which also demonstrating pseudopobia at their limits.
Visible in the DIC images are nuclei and vacuoles of different types – phagocytic, pynocytotic
and certainly parasitophorous. The latter vacuole types are distinguished by their matching
fluorescent partners, having electro-transformed E. canis occupants expressing pBBR1MCS-6
encoded GFP in the vacuolar space. Some of the rare ehrlichial morular phagosomes are large
enough that their co-locations can be identified in the corresponding DIC images.
TEM
Control Cells
These micrographs serve to demonstrate the general appearance of members of the host
cell line, called Dog Bone Marrow Cells, both uninfected, and infected, with normal E. canis.
The first group of TEM images are of normal, unmanipulated cells, 2 uninfected DBMC
micrographs (Figure 2A; page 39) and 4 E. canis infected DBMC micrographs (Figures 2B and
2C; page 39-40). The uninfected DBMC TEMs demonstrate rather large cells with
proportionally large nuclei. Nucleoli are also observed, often in multiples. There are numerous
vacuolar inclusions as well as plentiful mitochondria, denoting brisk metabolic activity. The
subsequent quartet of TEM images demonstrate the morular architecture and organization of the
35

A

B

1A: The DIC image of this pair demonstrates a DBMC that has numerous prominent granules
appearing in the cytoplasmic periphery, yet is evident in the fluorescent partner that none of
these emit a GFP signal. There are also two unusually large morulae present in this particular
DBMC, at approximately 10 o’clock and specifically at 1 o’clock. They can also be seen in the
DIC image. A few smaller inclusions also fluoresce within the cytoplasmic space. (bar = 10
micrometers)
1B: A very large DBMC demonstrates the characteristics of an early post-electroporation
passage flask. The fluorescing morulae are small in size and dispersed. As the passage number
increases, the morular organization improves to the status of the above figure. (bar = 10
micrometers)
Figure 1. Differential Interference Contrast/ Fluorescence
(Zeiss, West Germany; Axioplan, ph3, Plan-Neoflur: 100x/ 1,30 Oil)
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(Figure 1. Continued)
C

↑

↑

1C: This oil emersion DIC micrograph demonstrates a trio of DBMCs, each harboring GFP
containing morular inclusions of varying size and shape (right micrograph). The central cell
shows an inclusion at approximately 6 o’clock that is somewhat larger in size. (bar = 10
micrometers)
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unmanipulated E. canis population in this system. Whether dividing, in pairs or larger groups,
these morulae can dominate the extranuclear space of a DBMC just prior to lysis and release.
The individual bacteria are double membraned, with the outer leaflet demonstrating a ruffled
appearance. The morular boundaries are also comprised of two membranes. Mitochondria help
to complete the occupancy threshold of the cytoplasmic milieu.
TEM
pBBR1MCS-6 Transformed Ehrlichia canis
This is what occurs when normal E. canis is purified from normal DBMCs,
electroporated in the presence of DNA, and allowed to reinfect a tissue culture which is under
selection for 12 weeks. Immediately, upon examination of this TEM image trio (Figure 3; page
42), one can clearly see a difference in theme. There exists double membraned forms in a
separated membranous vacuole within the cytoplasm of a DBMC, but certainly unlike any other
micrograph seen in the normal category. In addition to the increased electron density and
relatively diminuitive size of these double membraned bacterial forms, in comparison to the
lighter forms representing normalcy, the vacuolar milieu is gray in electron density. Also, a
majority of the vacuoles in this scenario are perinuclear in arrangement and orientation. The
vacuoles vary in size, also.
TEM
pBBR1MCS-6 Transformed Ehrlichia. canis (Post-selection)
The duo of TEM images (Figure 4; page 44) that show double membraned forms that are
remarkably in between the normal E. canis and selected, transformed E. canis are indeed E.
canis between these two states of existence. The antibiotic selection has been removed from 710 days at this point and the increased electron density and smaller sizes are giving way to the
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2A: The complete cell (left micrograph) gives the impression of a macrophage-type DBMC.
This morphology is reiterated in the adjacent micrograph (right). Observable are multiple
mitochondria, nucleoli and phagocytic/ pinocytotic vacuoles in these metabolically active cells.
Pseudopods also radiate from the cells. (left: x3125; bar = 4 micrometers) (right: x5650; bar = 2
micrometers)

2B: (left micrograph) Normal, dividing Ehrlichia canis captured within a membrane lined
morular phagosome-like vesicle (x46400; bar = 0.5 micrometer). Its partner features a pair of
Ehrlichia canis, normal and unmanipulated, with double cell membranes (and ruffling of the
outer leaflet) evident (x37800; bar = 0.5 micrometer)
Figure 2. Transmission Electron Microscopy
(Zeiss 109, Zeiss, West Germany; Transmission Electron Microscope)
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(Figure 2 Continued)

2C: This particular group of seven distinct Ehrlichia canis (left: x29800; bar = 0.5 micrometer)
inhabit a double membraned morular inclusion within a DBMC (right: x8150; bar = 1
micrometer) that was estimated to be greater than or equal to 80 percent infected. Visible are
morulae of varying size and occupant numbers. Also of note are numerous mitochondria which
emphasizes the metabolic activity inherent to these eukaryotic bone marrow cells.
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larger, lighter forms of the normals. Still visible are the gray vacuolar remnants suggestive of
protein presence in that space.
Gel Electrophoresis
pBBR1MCS-6 Experiments
Upon study of this DNA gel and legend (Figure 5; page 46), it is obvious that the results
are indeed satisfactory. Each positive control consists of E. canis DNA extract for the p28 gene,
and pure pBBR1MCS-6 template for the CAT and GFP genes. As made evident by the gel
picture and using lanes III (p28 gene), VII (GFP gene) and XI (CAT gene) as positive controls
and standards, lane IV reveals a 510 bp band, lane VIII reveals a 529 bp band, and lane XII
reveals a 478 bp band, all corresponding to their individual positive control PCR amplifications.
The normal DBMC DNA extracts, used here as negative controls in lanes V (p28 gene), IX (GFP
gene) and XIII (CAT gene), all yield no amplification products, as would be expected.
Western Blot
(pBBR1MCS-6)
Visible on the Western Blot (Figure 6; page 47), in lane II is a strong and appropriate
band (27 kDA), as well as a minor band (approximately 20 kDa) produced by E. coli transformed
with pBBR1MCS-6 and expressing GFP. Lane III is a negative control, containing the lysate of
normal E. canis infected DBMCs. The third lane, containing the lysate of pBBR1MCS-6
transformed E. canis within DBMCs, yields interesting, yet possibly controversial results. There
are several bands present, two corresponding with the major (27 kDa) and minor (near 20 kDa)
band seen in lane II, but with lesser intensities. The others appear in the fashion of a “DNA
ladder”-type scheme. The higher weight bands are probably the result of Green Fluorescent
Protein sticking to E. coli and electro-transformed E. canis proteins.
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3: Upon transformation with pBBR1MCS-6 and antibiotic selection for 2.5 months, this is the
observation. In a very perinuclear orientation are vacuoles with gray contents and double
membraned, electron dense forms. The forms seem to be in defined groups and not dispersed
throughout the gray milieu. (top left: x12200; bar = 1 micrometer) (top right:x 37600; bar = 0.5
micrometer) (bottom left: x37600; bar = 0.5 micrometer)
Figure 3. Transmission Electron Microscopy
(Zeiss 109, Zeiss, West Germany; Transmission Electron Microscope)
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TEM
(pBBR1MCS)
The subjects of this sub-study are E. canis that have been transformed with a construct
that gives them CAT capabilities, but no GFP expression capabilities. The revelation in these
TEM images (Figure 7; page 48) is that the smaller, electron dense forms of E. canis also exists
under chloramphenicol selective conditions for 2 months. In addition to this validation of
morphologic behavior with a different plasmid construct was a surprising yet pleasing discovery
of a conspicuously absent feature – no gray vacuolar milieu. These vacuoles had clear spaces,
which differs from the pBBR1MCS-6 treatment.
Gel Electrophoresis
(pBBR1MCS)
This DNA gel (Figure 8; page 49) was run with material (DBMCs infected with E. canis
transformed with pBBR1MCS) under chloramphenicol selective pressure for 2.5 months. Lanes
II, VI and X are positive controls for E. canis p28, GFP and CAT, respectively. As is noticeable
upon consideration of this gel, the experimental lane III shows a band consistent with the p28
positive control, and lane XI shows a band consistent with the CAT DNA code of pBBR1MCS.
Absent from this gel is the GFP band in experimental lane VII along with any sign of
amplification product in the negative control lanes IV, VII and XII.
Control Gel Electrophoresis
(identical in pBBR1MCS-6 and pBBR1MCS studies)
Individually, purified E. canis and DBMC DNA extracts were used as template in PCR
reactions against each primer set – CAT, GFP and p28 (Figure 9; page 50). Only the E. canis
p28 primers produced an amplification product when placed in reaction with the purified E. canis
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4: The result of removing the selective pressure after 2.5 constant months is seen here (left:
x18800; bar = 1 micrometer) (right: x18790; bar = 1 micrometer). The Ehrlichia canis has
survived for 2.5 months and is now returning to its less dense, lighter form. The morular milieu
remains gray, still signifying that there is matter suggestive of protein there. (Left: pBBR1MCS6) (Right: pBBR1MCS)
Figure 4. Transmission Electron Microscopy
(Zeiss 109, Zeiss, West Germany; Transmission Electron Microscope)
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DNA extract, and appropriately so. The E. canis extract did not amplify by CAT or GFP
primers, nor did the DBMC extract with any of the three primer sets.
Partial DNA Sequence Data
p28 gene
Genome:
(+) Control:
Experiment:

ATACGAAAACAACCCATTCTTAGGGTTTGC-AGGAGCTATTGGTTATT
ATACGAAAACAACCCATTCTTAGGGTTTGCAAGGAGCTATTGGTTATT
ATNCGAAAACAACCCATTCTTAGGGTTTGCAAGGAGCTATTGGTTATT

GFP gene
Plasmid:
(+) Control:
Experiment:

GAAAGGGCAGATTGTGTGGACAGGTAATGGTTGTCTGGTAAAAGG
T TTC C CGTCTAAC ACACC TGTC CATT ACCAACAGACCATTTTCC
AT TTC C CGTCTAAC ACAC- TGTC CATT ACCAACAGACCATTTTCC

CAT gene
Plasmid:
(+) Control:
Experiment:

CTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAAA
CTGTTGTAATTCATTAAGCATTCTGCCGACATGGAAGCCATCACAAA
CTGTTGTAATTCATTAAGCATTCTGC - GACATGGAAGCCATCACAAA

(Upon examination of each set of sequences in their entirety, from which these brief yet
conclusive exerts were taken, the amplification of each gene of interest was determined to be
authentic and specific for that given gene, and the identity was determined to be 100 percent.)
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Lane: I.
II.
III.
IV.
V.
VI.
VII.
VIII.
IX.
X.
XI.
XII.
XIII.

Molecular Weight Marker (100 base pair)
Blank
p28 primers/ E. canis inoculum DNA extract
p28 primers/ experimental flask DNA extract (transformed E. canis)
p28 primers/ DBMC DNA extract
Blank
GFP primers/ pBBR1MCS-6
GFP primers/ experimental flask DNA extract (transformed E. canis)
GFP primers/ DBMC DNA extract
Blank
CAT primers/ pBBR1MCS-6
CAT primers/ experimental flask DNA extract (transformed E. canis)
CAT primers/ DBMC DNA extract

Figure 5. pBBR1MCS-6 Experiment
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WESTERN BLOT (GFP)

Lane: I.
II.
III.
IV.

Molecular Weight Marker
Positive Control (E. coli transformed with pBBR1MCS-6)
E. canis infected DBMCs
DBMCs infected with E. canis transformed with pBBR1MCS-6

Figure 6: Western Blot
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Figure 7: (top left) Obvious at first glance are phagosomes within the cytoplasm of the featured
DBMC. These inclusions are similar to those observed with the E. canis transformed with
pBBR1MCS-6, expressing foreign CAT and GFP genes. Observed are condensed ehrlichial
forms, being under antibiotic selection for greater than 2.5 months. These Ehrlichia were
transformed with pBBR1MCS and express only CAT. Of very special note is the clarity of the
vacuoles, with a marked lack of a gray milieu, suggestive of a lack of protein presence on EM.
(x6470; bar = 2 microns) (top right) The cleanliness of the vacuolar space is showcased here at
(x45350). The forms are obviously condensed and double membraned, having been under strict
chloramphenicol selection for 2.5 months. (bar = 0.5 microns)
(bottom) This very high (x83910) magnification micrographs demonstrated a highly condensed
double membraned E. canis with cytoplasmic extensions. (bar = 0.25 microns)
Figure 7. Transmission Electron Microscopy
(Zeiss 109, Zeiss, West Germany; Transmission Electron Microscope)
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Lane: I.
Molecular Weight Marker (100 base pair)
II.
p28 primers/ E. canis inoculum DNA extract
III.
p28 primers/ experimental flask DNA extract (transformed E. canis)
IV.
p28 primers/ DBMC DNA extract
V.
Blank
VI.
GFP primers/ pBBR1MCS-6
VII. GFP primers/ experimental flask DNA extract (transformed E. canis)
VIII. GFP primers/ DBM DNA extract
IX.
Blank
X.
CAT primers/ pBBR1MCS
XI.
CAT primers/ experimental flask DNA extract (transformed E. canis)
XII. CAT primers/ DBMC DNA extract
Figure 8: pBBR1MCS Experiment
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Lane: I.
II.
III.
IV.
V.
VI.
VII.
VIII.

Molecular Weight Marker (100 base pair)
Blank
CAT primers/ E. canis DNA extract
GFP primers/ E. canis DNA extract
P28 primers/ E. canis DNA extract
CAT primers/ DBMC DNA extract
GFP primers/ DBMC DNA extract
P28 primers/ DBMC DNA extract

Figure9: Control Gel
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DISCUSSION
The very fact that GFP can be observed in the DIC/fluorescent study bespeaks the
significance of the light microscopic study. To my knowledge, such an accomplishment has only
been realized in one other obligate intracellular bacterium, Coxiella burnetii. However, the C.
burnetii transformation was reported to be due to chromosomal integration, and the paper offered
only black and white “fluorescent” images, a mention of a positive Southern Blot verification of
successful chromosomal integration (data not shown), and no other corroborating evidence
(Lukacova et al 1999). A similar report of observable GFP expression was reported with
Chalmydia spp. as the subject of the genetics study, but this is suspected to be a rumored or nonreproducible success (O’Connell et al. 1988). Also, with a gene encoding GFPuv and FACS
analysis, Rickettsia typhi has also been reported transformed by genomic integration (Troyer et
al. 1999).
With respect to the various E. canis forms, depending upon the state of genetic
manipulation, there are obvious differences. There are distinct differences between the clear
vacuoles and light forms of unmanipulated E. canis and the smaller, condensed electrotransformed E. canis in the midst of the grayish phagosomal milieu. The reality is that the latter
have been transformed with pBBR1MCS-6, are expressing two foreign genes, GFP and CAT,
and have been under chloramphenicol selection for 2.5 months. These unusual forms may result
from stress – either of manipulation, transformation, foreign gene expression, plasmid
maintenance and/or GFP toxicosis. At any rate, these samples share a common origin with those
studied by DIC and fluorescence, and therefore, are obviously the source of the GFP
fluorescence.
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Once the chloramphenicol selection has been removed, the density and compacted
morphology give way to more normal, pre-transformation forms. This observation lends
evidence to the thought that the antibiotic presence in the medium, possibly compounded with
the production of the GFP reporter gene and CAT to detoxify the antibiotic bombardment, causes
the extreme electron dense forms. With the removal of that single variable, the chloramphenicol,
the Ehrlichia resume a normal existence.
When a DNA gel electrophoresis was performed on extracts from the same experimental
flasks that yielded the DIC/ fluorescence and pBBR1MCS-6 TEM image series, based on the
amplification products observed along side their corresponding positive controls, a conclusion
that supports a successful study becomes apparent. The results mean that, after continuous drug
presence for 2.5 months, Ehrlichia canis, by way of its genomically conserved p28 gene
identification, and pBBR1MCS-6, by way of its CAT and GFP DNA cassette amplifications, all
with specific primers, are still present at the same place and the same time in the experimental
tissue culture flasks. These same components can be visualized as the glowing bodies in the
fluorescent partners to the DIC light microscope images, and as the TEM documented
condensed, double membranous forms in the gray vesicular boundaries of the DBMC
cytoplasmic milieu. Also, in parallel, the Western Blot shows a “DNA ladder” styled profile of
proteins that are positively probed and developed using labeled antibody to GFP. This pattern is
suggestive of the variable sized fragments that one would expect from the random cutting of
protein by lysosomal enzymes, likely provided by the metabolically active DBMCs, during Blot
preparation and cell lysis before denaturation via SDS can occur. The heavier bands are likely
GFP sticking to other electro-transformed E. canis or E. coli proteins.
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Another multiple-repeat series of electroporation experiments were performed, this time,
using pBBR1MCS. These studies were originally done to study the effect of relieving the
transformed E. canis of GFP production, while still offering chloramphenicol resistance with a
functional CAT gene. Although the condensed TEM bacterial forms persisted after long term
selection, the corresponding vacuoles were not gray in appearance. In the corresponding DNA
gel, only the E. canis p28 gene and CAT genes showed amplification products with their specific
primers, and, as expected, GFP did not. Also, worth mentioning, with respect to both plasmid’s
gels, the control gel demonstrates no nonspecific binding of any of the three primer sets – p28,
CAT and GFP, to purified E. canis or DBMC DNA extracts. Only the p28 primers, very
specifically and appropriately, amplified the E. canis DNA extract.
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SUMMARY AND CONCLUSIONS
In summary, the data collected during this dissertation research is a cohesive body of
results that lead to a conclusion. There are three sources of material that lend their collective
support to that conclusion: 1) tissue culture flasks containing normal uninfected DBMCs and
normal DBMCs infected with normal E. canis; 2) tissue culture flasks containing DBMCs
infected with E. canis transformed with pBBR1MCS-6; and 3) tissue culture flasks containing
DBMCs infected with E. canis transformed with pBBR1MCS.
The normal DBMCs and normal E. canis yielded control, baseline reference data in TEM
micrographs visually, and as negative and positive PCR and Western Blot controls genetically.
The TEM studied showed normal, uninfected DBMCs and normal, unmanipulated E. canis. In
the PCR/ DNA gel studies, E. canis genomic DNA extracts served as positive controls for p28
gene amplification, and both normal E. canis and/ or DBMC genomic extracts served as negative
controls for CAT and GFP gene amplification by PCR and a lack of GFP production in the
Western Blot study.
The tissue culture flasks containing DBMCs infected with E. canis transformed with
pBBR1MCS-6 provided the light microscope results and data. Clearly evident is fluorescence
consistent with GFP expression under optimized excitation spectra and filtering devices. From
these same flasks came PCR evidence, by gel and sequencing, that proves the omnipresence of
the highly conserved E. canis p28 gene and both the foreign GFP and CAT genes of
pBBR1MCS-6 after 2.5 months of rigorous antibiotic selection. These flasks further provided
the TEM study with specimens. Observed in this experimental medium are condensed forms of
E. canis in morular vacuoles now filled with gray material, suggestive of proteinaceous entities
54

in electron microscopy. There electron dense, double membraned forms gave way to the lighter,
more normal bacterial morphology upon relief from constant antibiotic pressures. Finally, these
very same flasks yielded a Western Blot which, though not concrete in its statement and
interpretation, is suggestive of GFP production, as evidenced by anti-GFP antibody hybridization
at appropriate positions.
In fulfillment of a need to address the TEM morphological findings, and after multiple
transformations with pBBR1MCS-6, pBBR1MCS was employed several times in successful
electroporations. This plasmid provides antibiotic resistance, but not GFP expression
capabilities. These flasks, the product of successful duplicate electroporations, yielded TEM
data which showed the same condensed E. canis forms while antibiotic selective pressure was
being employed. The stark contrast was the lack of gray milieu in the morular vacuoles,
suggesting the absence of EM interpreted protein. In corroboration of successful duplicate
studies, DNA gels from the same flasks yielded E. canis p28 amplification and CAT gene
amplification from its pBBR1MCS source. GFP did not amplify, and that was most appropriate.
In conclusion, these paralleled and cohesive data sets collected from separate, yet
correlated and coordinated experimental media from these three distinct and consistent sources
lend in unison to one statement: Ehrlichia canis can indeed be transformed and can indeed
express multiple foreign genes from multiple autonomously replicating plasmids reliably,
consistently and reproducibly.
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